21
uncertainties about the techno-economic feasibility of the CO 2 -ECBM process. This study presents 
27
The results show that the N 2 breakthrough time (the time at which 1% of the total gas injected was 28 recovered) was almost spontaneous whereas a considerably delayed breakthrough time was 29 observed for the case of CO 2 -ECBM experiment. In addition it was observed that for the CO 2 -30 ECBM experiment, the ratios of CH 4 recovery with respect to the total amount of gas injected and 31 gas stored were higher by factors of 10 and 2.4, respectively. The results also show that 90% of the 32 total N 2 injected was produced in the outflow gas, whereas for the case of the CO 2 experiment, only 33 63% of the total injected CO 2 was produced. Presence of high amount of N 2 in the outflow may 34 lead to additional challenges in order to separate N 2 from CH 4 and thus affects the efficiency of the 35 N 2 -ECBM method. Under the conditions of the experiments, the total CH 4 displacement ratio and 36 breakthrough for the case CO 2 -ECBM were found to be more favorable compared to those obtained 37 from N 2 -ECBM. This study provides new insights into the efficiency of CO 2 -ECBM process and 38 offers a comprehensive experimental data set that can be used for testing the accuracy of predictive 39 models. 40 4
Introduction

44
The process of coalbed methane (CBM) production from unminable coal fields usually involves the 45 pressure depletion in the coal reservoir by pumping out the naturally existing formation water.
46
However, the pressure depletion only allows a limited amount of in-place-gas (CH 4 ) to be produced 47 because the methane is adsorbed on the coal even at low pressures (White et al., 2005) . As a result, 48 approximately 30 to 70% of the in-place-gas in coal cannot be recovered using the conventional 49 pressure depletion method (Puri and Yee, 1990) . Enhanced coalbed methane (ECBM) recovery is a 50 process by which N 2 or CO 2 (or a mixture of both) is injected into the coal seam to enhance the 51 recovery of coalbed methane (White et al., 2005) . In N 2 -ECBM, N 2 first displaces the free CH 4 52 from the seam and reduces the partial pressure of methane in the reservoir that enables further 53 methane in the adsorbed phase (in coal matrix) to be released (Shi and Durucan, 2005) . However, 54 rapid breakthrough of N 2 during the production of methane has been reported to be the major issue 55 in the field projects (Perera and Ranjith, 2015) . Alternatively, CO 2 has been suggested to enhance 56 the coalbed methane recovery (CO 2 -ECBM) due to the higher affinity of coal to adsorb carbon 57 dioxide compared to methane that may result in larger amount of coalbed methane production. In 58 addition, the potential long term sequestration of CO 2 in deep unminable coal seams during the 59 process of CO 2 -ECBM is an advantage over the N 2 -ECBM process (Shi and Durucan, 2005) . 
64
Experimental studies show that coal can exhibit shrinkage or swelling during interaction with 5 processes and coal swelling/shrinkage that can affect the permeability of the coal, resulting in the 68 overall rate and efficiency of methane recovery and carbon dioxide storage.
69
Observations from limited pilot tests of carbon sequestration in coal seams that have been reported 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   6 rock (e.g. Shi and Durucan, 2003; Salimzadeh and Khalili, 2015; Hosking, 2014 
120
The core sample used was drilled from a large block of coal using a diamond core drill bit with 121 70mm internal diameter. The core sample was then cut into the required length using a diamond 122 saw. Special care was taken during the coring and cutting processes to minimise breakage or 123 damage to the coal structure. Any small breakage especially around the edges could potentially 124 damage or puncture the rubber membrane during triaxial core flooding tests and under the high 125 confining pressures and therefore had to be removed. In order to prevent breakage of the coal 126 samples under high stress conditions, the ends of the specimens were ground and made parallel to 127 each other using a fine sand paper. This allowed a uniform distribution of the axial stresses to both 128 ends of the sample. In order to remove any residual moisture, the core sample was then air-dried 129 for 24hr before it was placed in the triaxial cell for the tests. 
136
The core sample sits within a 1.5mm thick silicone rubber sleeve and the gas passes through a 137 porous plate at the bottom of the sample, then it leaves the cell through a similar arrangement at the space. Prior to each core flooding test, the core sample was saturated with the chosen gas.
161
The steady-state method has been used to estimate permeability of the coal sample (Carles et al.,
162
2007). For the initial permeability measurements, the confining pressure was maintained at the 163 desired pressure and increased stepwise. Once the steady-state flow rate was achieved at each step, 164 the differential gas pressures and gas flow rates were recorded. The permeability of the coal sample 165 was calculated using Darcy's law (Carman, 1956 ), given as:
where, k g is the gas permeability coefficient (m 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 9 which in this study was atmospheric pressure, i.e. 1×10 -5 Pa. A is the cross-sectional area of the 169 sample (m 2 ), P up is the upstream gas pressure (Pa), and P down is the downstream gas pressure (Pa).
170
The viscosity of gases (µ g ) was calculated as function of temperature, using the Sutherland formula 171 (Smits and Dussauge, 2006 ).
172
The experimental tests carried out based on the steps summarised in Figure 
174
Since helium is a non-adsorptive/non-reactive gas it was used to characterise the coal sample for its 175 intrinsic permeability and to investigate the mechanical effect of stresses on permeability of coal 176 during gas injection and depletion processes. The intrinsic permeability to helium has been used as 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 10 was analysed during the experiment using the gas analyser. After the N 2 -ECBM experiment, the 194 residual gas was removed from the sample by applying vacuum. The sample was purged with CH 4
195
While the composition of outflow gas was monitored using the gas analyser until no residual N 
where, eff σ is the effective stress and c P is the confining pressure.
208
Since gas is compressible, its bulk density varies greatly which in turn has a significant effect on 209 gas transport within the porous medium. Therefore unlike incompressible fluids, variation of gas 210 pore pressure across sample length is not expected to be linear. In this study, the analytical solution 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 , and β is the compressibility factor; µ viscosity (Pa.s).
217
The length of the sample was divided into 7 sections of 0.02m long, and for each section the 218 average pore pressure was estimated using Eq. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 12 helium which can be mainly related to their differences in molecular size. 
249
Once the evaluation of the initial properties of the coal sample was completed, the coal sample was 250 re-saturated with CH 4 at injection pressure of 5MPa and confining pressure of 6MPa. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 13
The results presented in Figure 6 show that within the first half an hour of the experiment, more 268 than 95% of the production gas consisted of N 2 . 
CO 2 -ECBM recovery
278
The experimental results of the gas displacement process during the CO 2 -ECBM experiment are 279 presented in Figure 7 which shows the variations of gas composition in the production gas with 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 15
The results presented in Figures 8 and 9 show that for the same duration of the experiment and 318 under similar experimental conditions, the total amount of injected N 2 was 11 times higher than 319 that for CO 2 injection. In addition, the results show that 90% of the total injected N 2 was in the 320 production gas, whereas in the case of the CO 2 experiment, only 63% of the total injected CO 2 was 321 in the production gas. Therefore 36% of the injected CO 2 has been retained within the coal sample.
322
In another study conducted by Hadi Mosleh (2014), the maximum adsorption capacity of the same 323 coal to CO 2 was estimated 1.21mol/kg. By assuming the total amount of stored CO 2 during CO 2 -324 ECBM experiment as adsorbed gas, it can be postulated that only 20% of the adsorption capacity of 325 coal sample to CO 2 was utilised. This can be related to several factors:
326
• Effect of gas diffusion rate: the gas adsorption isotherms were measured on powdered coal 327 samples and over 24 to 48 hours, when the equilibrium state was observed (Hadi Mosleh, 2014),
328
whereas the experiments of this study have been conducted on intact 70mm core samples, and 329 over shorter durations (∼4hr). Therefore, much longer time was needed for the gas to diffuse 330 into the coal matrix and to achieve equilibrium state.
331
• Effect of coal swelling: coal swells when it comes into contact with CO 2 , this resulted in 332 reduction of coal permeability under confined conditions and therefore a reduction in the 333 accessibility of the coal matrix to more CO 2 gas.
334
• Effect of effective stress on coal permeability: in gas adsorption measurements by Hadi Mosleh 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 
359
The results of CH 4 recovery versus injected gas (Figure 11 ) indicate that the CO 2 injection lead to a 360 higher ratio of CH 4 recovery throughout the experiment (up to 10 times higher than that obtained 361 by N 2 injection). This is mainly related to the higher amounts of N 2 injected under similar 362 experimental conditions, i.e. gas injection pressure and confining pressure. The amount of the CH 4 363 recovery for both experiments decreased sharply in the first hour of the experiments. The rate of 364 CH 4 recovery, however, remained almost steady for the N 2 experiment after the first hour, whereas 365 for the CO 2 experiment, it decreased gradually over time. This behaviour can be attributed to the 366 effect of coal matrix swelling on gas permeability and flow as described previously. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   17 The results of CH 4 recovery versus stored gas (Figure 12 ) also show that storage of CO 2 lead to 368 higher ratio of CH 4 recovery (on average 2.4 times higher than that obtained by N 2 injection). In 
Conclusions
374
The results of gas storage and recovery from a series of experiments conducted on the CH 4 375 saturated coal sample were presented on a high rank coal from South Wales coalfield. N 2 and CO 2 376
were injected at the upstream of the sample and composition of outflow gas was monitored. The 377 results of both experiments were assessed and compared in terms of breakthrough time, gas 378 displacement rate, and efficiency of gas storage and recovery.
379
The results showed that the N 2 breakthrough time was almost spontaneous whereas for the case of 380 CO 2 , the breakthrough time was delayed by a factor of two. Similarly, the gas displacement rate 381 observed in both experiments varied greatly which was mostly related to differences between 382 diffusivity of N 2 and CO 2 as well as higher affinity of the coal to CO 2 . The latter effect also 383 resulted in storage of 36% of injected CO 2 in coal. The results of CH 4 recovery showed that with 384 respect to both injected and stored gas, the ratios of CH 4 recovered during CO 2 experiment were 385 higher than those for N 2 experiment.
386
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